Molybdenum (Mo) is a transition metal with a wide range of technical applications. There has long been strong interest in its high-pressure behavior, and it is often used as standard for high-pressure experiments. Combining powder x-ray diffraction and dynamic ramp compression, structural and equation of state data were collected for solid Mo to 1 TPa (10 Mbar). Diffraction results are consistent with Mo remaining in the body-centered-cubic structure into the TPa regime. Stress-density data show that Mo under ramp loading is less compressible than the room-temperature isotherm but more compressible than the single-shock Hugoniot.
I. INTRODUCTION
Molybdenum (Mo) is a refractory 4d transition metal that adopts the body-centered-cubic (bcc) structure over a broad range of pressures and temperatures. It finds widespread technical applications due to its high melting point, high strength, and other attractive properties. Mo is an important material in high-pressure science. It has been studied extensively under shock compression [1] [2] [3] [4] [5] [6] [7] [8] and has been used as a pressure calibrant in diamond anvil cell (DAC) experiments [9] [10] [11] [12] . Static compression experiments have been used to explore its equation of state (EOS) and phase stability [13] [14] [15] , melting behavior [16, 17] , thermoelastic properties [18] [19] [20] , and shear strength [21] . Mo has been the subject of first-principles theoretical studies to explore various properties such as the crystal structure, melting, and elasticity at extreme conditions [22] [23] [24] [25] [26] [27] . It also serves as a test case to understand the general behavior of transition elements at high levels of compression [23, 28, 29] .
The crystal structure is the most fundamental property of a solid material and controls its physical and chemical behavior. The stable phase of Mo at several hundred GPa (several million atmospheres) pressures has been examined in a number of theoretical studies [22, 24, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . The bcc molybdenum is predicted to transform to either a facecentered-cubic (fcc) structure [24, 31, 32, [37] [38] [39] or a double hexagonal-close-packed (dhcp) [35, 36] structure between 600 and 700 GPa at 0 K (Fig. 1) . Static DAC studies have shown that Mo remains in the bcc structure until at least 410 GPa at room temperature [11] [12] [13] 15] , although one early study claimed to reach as high as 560 GPa [14] . It remains very challenging to reach such multimegabar pressures with DAC technology [40] . Along the Hugoniot, Mo melts near 390 GPa [2, 7, 8] , precluding the study of the solid phase to higher pressures by shock compression.
Ramp compression is a technique for dynamic loading of materials to very high pressures without the large temperature increases and sample melting associated with shock loading [41, 42] . Ramp loading can be achieved in laser compression experiments by applying a time-dependent ramped increase in laser intensity onto a material surface. Ablation of the surface due to the absorbed laser energy leads to the propagation of a ramped loading wave into the sample. Recent developments in laser-based ramp compression allow pressures up to TPa (10 million atmosphere pressure) conditions to be reached for compression over nanosecond timescales [42] [43] [44] [45] [46] [47] [48] [49] . The development of nanosecond (or faster) x-ray diffraction diagnostics provides a new means to probe the lattice compression and structural state of materials under these extreme conditions [49] [50] [51] [52] [53] [54] . Previous laser compression experiments [7] used x-ray diffraction to explore the structure and melting of Mo under shock compression showing that Mo remains in the bcc structure until shock melting occurs near 390 GPa (Fig. 1) . In this paper, we use laser-based ramp-wave loading with nanosecond x-ray diffraction to compress crystalline Mo to TPa pressures and to explore its structure and EOS under these extreme conditions.
II. EXPERIMENTAL TECHNIQUE
Experiments were performed at the Omega Laser Facility [55] , a 351-nm, 60-beam laser that can deliver up to 500 J of energy per beam onto mm-sized targets. The target package consisted of a 4-µm-thick Mo foil or pellet glued between a 25-µm-thick single-crystal diamond ablator and a 60-µm-thick diamond window with ∼1 μm glue-layer thickness [ Fig. 2(a) ]. For experiments designed to reach greater than 0.6 TPa, the ablator included an additional layer of 10-µm-thick diamond coated with a 1-µm thickness of gold, which served to protect the sample from preheating prior to arrival of the compression pulse. The Mo samples were either a foil (99.9% purity, GoodFellow Corp.) or compressed powder (99.95% purity, 2-4 µm grain size, Alfa Aesar). The starting materials were characterized by x-ray diffraction. The foils showed a strong [011] fiber texture, while the Mo powder pellets showed no preferred orientation.
The sample package was mounted onto a 160-µm-diameter tantalum pinhole and placed on a 10×10 mm 2 aperture at the front of an x-ray diffraction enclosure with dimensions of The principal Hugoniot is shown as the dashed black curve [1, 3] . The theoretically calculated melting curve [65] is shown as the dashed purple line. The dashed blue curve represents the theoretically predicted solid-solid phase boundary between the bcc and either fcc or dhcp phases at high pressure [33] . A schematic path for ramp compression is shown by the blue arrow and is bounded by the secondary Hugoniot (gray dashed curve) and secondary isentrope (magenta curve) for Mo (calculated using the SESAME EOS table 2984 [63] ). 50×50×75 mm 3 [ Fig. 2(b) ]. A 25-mm diameter opening in the back of the diagnostic allows us to probe the velocity at the rear free surface of the diamond with a Velocity Interferometer System for Any Reflector (VISAR) [56] . The Omega laser was used to ablate the diamond front surface, producing an expanding plasma and driving a compression wave into the sample [45, 49] . Either two or three time-separated Omega beams were applied to create a composite pulse shape in which the laser intensity was initially increased with a ramplike profile and then held for an additional period of time [ Fig. 3(a) ]. Specifically, one Omega laser beam with peak energy of 30-170 J in a 3.5-ns long ramp pulse was initially focused to an 800-µm diameter super-Gaussian spot onto the front surface of the diamond ablator. For experiments below 600 GPa, the initial ramp pulse was followed by applications of a 1-ns square pulse (130-360 J total energy). For higher pressure experiments, the initial pulse was instead followed by a pair of time-separated 1-ns square pulses (600-640 J total energy). These pulse configurations were designed to ramp compress and then hold the sample at a nearly constant peak pressure for several nanoseconds. Intensity variations in the input beams were smoothed by distributed phase plates. The required beam energies to achieve the desired pressure conditions with the Mo sample were estimated based on scaling relations from previous experiments that used a similar geometry for the target package [57] .
As the compression wave propagates through the target, a series of reverberations generated at the Mo-diamond interfaces rapidly combine to produce a uniform pressure state within the molybdenum. During the period of peak pressure within the Mo sample, a quasimonochromatic x-ray source (XRS) (Cu He-α at 8.37 keV or 1.48Å) was generated by focusing ∼8-12 Omega beams onto each side of a 2 mm × 2 mm copper foil (500 J beam −1 over 1 ns in a ∼250-400 μm spot). The ∼13-μm-thick Cu foil was positioned 24.3 mm from the target package and 45
• from the target normal. Figure 3 (a) shows a representative XRS laser pulse shape and time delay relative to the main sample drive. In most of our experiments, the x-ray drive consisted of a single laser pulse. However, in three shots, including the example shown in Fig. 3(a) , the Cu foil was driven with two time-separated laser pulses (a pre-pulse and a main pulse) rather than with a single pulse. The configuration was aimed at achieving higher x-ray signal intensity. The pre-pulse had fewer beams (four beams with 500 J beam −1 ) than the main pulse (12 beams with 500 J beam −1 ) and preceded it by 3 ns. X-rays scattered from the compressed Mo sample are collimated by the Ta pinhole and recorded as diffraction peaks on image plates (IPs) that line the walls of the diagnostic box [ Fig. 2(c) ]. To reduce the background noise level arising from the thermal emission from the drive plasma and to suppress the scattering intensity associated with the He-β line emission, (628(40) GPa). The composite laser drive (red) consists of an initial ramp followed by a pair of 1-ns-long square pulses to increase and maintain the pressure. Intensity variations due to noise in the laser drive and timing misalignment of the pulses are smoothed during propagation through the ablator. The pulses used to generate the x-ray source (blue) for this shot consisted of an initial pre-pulse followed by a main pulse 3 ns later. The main pulse is timed relative to the loading pulse such that diffraction is recorded at the time of peak compression. (b) The VISAR record for this shot with fringe shifts recording the phase change associated with Doppler-shifted laser light reflected from the rear diamond surface. Rapid fringe modulation between 2.3 and 4 ns is due to a Fabry-Perot effect from interfering reflections from the moving Mo-diamond interface and the diamond free surface [66] . (c) Free-surface velocity history extracted from interferogram of (b) using two VISAR channels (black and green curves) with different velocity-per-fringe resolution. The first jump in velocity (to ∼3 km s −1 ) is due to the elastic wave in the diamond and is followed by ramp loading to higher pressure. (d) Stress map in the target as a function of time calculated by back propagating from the free surface into the sample using the known equation of state of the diamond. Effects of wave interactions in the thin Mo sample and epoxy layers are ignored [53] . Positions of the diamond ablator, Mo sample, and diamond window are indicated by horizontal dashed lines. The x-ray probe times for the pre-and main pulses are shown by blue bands. (e) Calculated stress history at the center of the Mo sample.
25-μm-thick polyimide and ∼13-μm-thick Cu foils (spectral filters) are placed immediately in front of the IPs. Further details about the x-ray diffraction setup are provided elsewhere [49, 53] .
When the compression wave reaches the rear (diamondvacuum) surface, it accelerates into free space. A 25-mm diameter opening in the back of the enclosure provides access for the VISAR [56] probe beam, which is used to measure the diamond window free-surface velocity history (U fs (t)). Figures 3(b) and 3(c) show the raw VISAR record and the extracted free-surface velocity history for a representative shot. The measured free-surface velocity profile and the previously measured EOS of diamond [45] are used to determine the stress state in the sample as a function of time through the method of characteristics in which the equations of motion are integrated backward in space and time to determine the stress history internal to the sample [53, 54, 58] 
III. RESULTS
X-ray diffraction data from a representative experiment (shot #68991) are shown in Fig. 4 . The data from five separate IPs are combined and projected into 2θ -φ coordinates [53] , where 2θ is the diffraction angle and φ is the azimuthal   FIG. 4 . Representative background-subtracted x-ray diffraction pattern of Mo (shot #68991) projected into 2θ-φ space [53] , where φ is the azimuthal angle around the incident x-ray direction. The red vertical dashed lines show positions of ambient Ta x-ray diffraction peaks used for diffraction angle calibration. Orange arrows point to ramp-compressed Mo diffraction peaks arising from the x-ray pre-pulse (corresponding to 100(30) GPa) and at the later time of the main pulse (628(40) GPa). Diffraction peaks from the diamond windows are also indicated. The oval feature at the left is the VISAR aperture.
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angle around the incident x-ray beam. In these coordinates, diffraction data project as straight lines of constant 2θ . All the observed diffraction lines in Fig. 4 can be assigned to one of the following: (1) the Ta pinhole (at ambient pressure), (2) compressed molybdenum, or (3) compressed diamond. The ambient-pressure Ta lines are used to calibrate the diffraction angle, 2θ (Fig. 4) . Interplanar d spacings were determined from the diffraction angle using Bragg's Law: λ = 2d sin(θ ). The diffraction angle was determined to a typical precision of 0.1
• , corresponding to a d-spacing uncertainty of ∼0.01Å. Diffraction peaks arising from the diamond are also observed in our experiments. During the time window of the diffraction measurement while the sample is at peak compression, the diamond windows experience a large pressure gradient ranging from ambient up to the peak pressure [ Fig. 3(d) ]. The uniaxial compression modifies the initially single-crystal diamond peaks into increasingly distorted peak shapes, indicating that the diamond transforms to a highly textured polycrystal (as also observed in a previous ramp-compression x-ray diffraction studies [49, 54] ). Additional weak diffraction spots are also observed in some experiments and arise from Laue diffraction from single-crystal diamond generated by the x-ray background produced by the laser drive (Fig. 4) . Figure 5 (a) shows diffraction patterns from one of the IPs at three selected pressures between 313 and 889 GPa. In all cases, a strong peak assigned to the highest intensity bcc Mo (110) peak is observed. This peak shifts to larger 2θ values (smaller d spacing) with compression, as expected. One-dimensional integrated diffraction patterns from selected areas on the IPs are shown in Fig. 5(b) , with the corresponding peaks indicated. A strong (110) Mo peak is seen consistently in all experiments. Diffraction peaks that can be assigned to the Mo (200) and/or Mo (211) lines are also observed at lower pressures when not overlapped with Ta lines, but only the (110) line is observed at 889 GPa and above. This is the result of the decrease in signal-to-noise ratio due to higher background resulting from the stronger laser drive [53] . The maximum pressure reached was 1050(113) GPa. [11, 12] . The blue diamonds show the observed d spacings for peaks assigned to the diamond. The blue curve shows the calculated diamond d spacings from the EOS measured in a previous ramp-compression study [45] . Horizontal red lines show d spacings of Ta at ambient pressure. (b) Stress vs density for rampcompressed Mo. The solid black circles show our ramp-compressed Mo data fitted to a Vinet EOS (black curve). Also plotted are static compression data [11, 12] (red squares) and shock compression data [1, 3, [67] [68] [69] [70] (gray triangles) and their extrapolations to higher pressures (red dashed [9] and gray dashed [10] curve, respectively). Calculated densities are also shown for possible assignment of the measured diffraction line above 900 GPa to the fcc, hcp, dhcp, and ω phases by assigning the measured Mo diffraction line to the indicated (hkl) reflection for each structure (see legend). For hexagonal phases (hcp, dhcp, and ω), the c/a ratios were taken to be 1.633, 3.154, and 0.622 [46, [51] [52] [53] [54] , respectively. Uncertainties are shown for bcc only and are similar for other structures.
(K 0 = 261 GPa) and its pressure derivative (K 0 = ∂K 0 /∂P = 4.19) [11, 12] . The values of the d spacings assigned to Mo are consistent with those expected for a bcc structure, as can be observed within 4% agreement between our experimental data and the extrapolation of the bcc Mo EOS. In the three shots that used a pre-pulse in generating the XRS, the observed second pair of d spacings corresponding to the (110) and (200) Mo lines match well with the expected values at the stresses (100 GPa or less) calculated in the sample at the time of the pre-pulse [Figs. 3(d) and 3(e) and Fig. 6 ].
Over the entire measured compression range from 161 to 1050 GPa, we do not observe any discontinuity in d spacing or new diffraction lines that would be expected upon transition to another structure. Assuming the bcc structure, we determined the density of Mo up to 1 TPa from the experimentally measured d spacings [ Fig. 6(b) , see Table I ]. Our rampcompression data were fitted to the Vinet EOS assuming a fixed bulk modulus K 0 = 261 GPa [21] , resulting in a pressure derivative of the bulk modulus along this compression path of K 0 = 4.4(2). Observed peak positions assigned to the diamond are also shown in Fig. 6(a) . The blue curve is obtained from previous ramp-compression measurements of the diamond up to 800 GPa [45] , and they are in good agreement with the diffraction peaks from the diamond in this paper.
IV. DISCUSSION
Theoretical studies predict that Mo will transform from bcc to another close-packed structure (fcc or dhcp) above 600-700 GPa at 0 K [24, 31, 32, [35] [36] [37] [38] [39] . We do not observe any evidence for a phase transition in the present paper. Below 600 GPa, we generally observe 2-3 diffraction lines at each pressure, and these are consistent with the bcc phase but not with other possible phases. At 889(100) GPa and above, we FIG. 7 . Expanded view of stress-density data of Fig. 6(b) above 700 GPa. All symbols and lines are the same as in Fig. 6 . The inset shows simulated powder diffraction patterns for possible Mo structures showing the diffraction peak for each structure that is the most plausible candidate to explain the observed line at 1.747Å at 889(100) GPa. The corresponding density value for each assignment is shown in the main figure. 104102-5 observe only a single diffraction line at 2θ ∼ 51 • [ Fig. 5 ], and the observed d spacings at these pressures are consistent with the trend of the lower pressure data. In other words, we observe no evidence for a discontinuity in d spacing that might be expected in the case of a phase transition. Thus, our results suggest that Mo remains stable in the bcc structure under ramp compression to 1050 GPa.
To further explore whether a phase transition could be consistent with our data, we assigned the single diffraction line at our two highest pressures to major peaks from other possible structures and calculated the corresponding density. Figures 6 and 7 show the stress-density data and diffraction patterns for the bcc structure and other possible phases showing the most plausible (hkl) assignment for each to the peak observed experimentally at a d spacing of 1.747Å. Assignment of this peak to hcp(101) or fcc(111) reflections would require a density increase of about 8% [ Fig. 6(b) ], assuming a c/a ratio of 1.633 for the hcp phase. We consider this unreasonable for two reasons. First, the density would be significantly higher than that expected along the 293-K isotherm, whereas ramp-loaded samples are expected to have densities intermediate between the room-temperature isotherm and the shock Hugoniot [ Fig. 6(b) ] [46] . Second, such a large volume change is unlikely for phase transitions at multimegabar pressures where phase changes typically involve only small volume changes [35, 36] .
We also checked the possibility of a phase transition to the omega (ω) phase. Omega is a hexagonal phase (space group P 6/mmm) that has been identified as a possible candidate high-pressure phase for several transition metals [60] , although theoretical density functional theory (DFT) calculations have suggested that it is not energetically competitive with other close-packed phases in Mo at high pressures [31] . Our observed line at 889(90) GPa could be explained by the ω phase ((101) peak) with a plausible density increase (∼2%) across the transition, assuming c/a = 0.622. However, the diffraction pattern of the ω phase consists of a closely spaced doublet of near equal intensities whose separation depends on the c/a ratio. The peak width (full width at half maximum) for the measured Mo line is 0.9-1.1
• over the entire pressure range of our paper. If the peak separation of the ω phase doublet is less than about 1
• , we would not be able to resolve it. We do not observe any evidence for peak broadening at the highest pressures, which would be expected in the case of an unresolved ω doublet. Hence, our data do not support a phase transition to the ω phase, although small ω distortions that produce a peak splitting below our resolution cannot be ruled out.
The dhcp structure may also match the observed diffraction line with a density of 21.9 g/cm 3 at 889 GPa if the observed line at 1.75Å is assigned to the (004) peak of the dhcp structure [ Fig. 6(b) ]. This density is about 4% greater than that obtained for the bcc structure. The (004) diffraction line of the dhcp structure is expected to have relatively low intensity compared to other nearby dhcp peaks (31.8% and 68.9% of (102) and (101) lines, respectively). The (102) and (101) lines would be expected to occur at 2θ values of 52.6 and 47.5
• , and no peak is observed at these angles. Strong preferential orientation in the sample could modify the relative peak intensities [61] , but our data exhibit generally smooth intensity variation and there is no evidence for the extreme degrees of preferred orientation that would be required in this case (Fig. 4) . Thus, the most plausible assignment of the observed diffraction peak is the persistence of the highest intensity (110) peak of the bcc structure.
For our two highest pressure experiments, the line assigned to the diamond (label C in Fig. 5 ) is consistent with d spacing trends from lower pressure data for this material as well as extrapolation of the results of Ref. [43] . However, we also checked the possibility that the lines assigned to the diamond at 889 GPa and 1050 GPa are instead due to diffraction from the Mo sample. We attempted to fit the resulting pair of possible sample lines to all the structures under consideration. The fcc and bcc structures could not match both lines. By varying the c/a ratio, we found that we could fit these two lines with the (004) and (102) peaks of the dhcp structure with a c/a ratio of 3.24-3.26. However, the resulting density is more than 7% larger than the bcc density (calculated from the (110) peak) at the same pressure or ∼6% smaller than extrapolated from our lower pressure bcc Mo data. Such a large density increase in a phase transition at these ultrahigh pressures is not likely, as discussed above.
The peak pressure achieved in our experiments was 1050(113) GPa, which is about 2.5 times higher than that achieved in static compression experiments on Mo. At the highest pressure, Mo attains a density of 23.0 g cm −3 , which corresponds to a factor of 2.3 compression for this incompressible metal. Our x-ray diffraction results are consistent with the persistence of the bcc phase of Mo to the highest pressures, and a phase transformation in Mo to fcc or dhcp (as predicted by DFT calculations [33, 35, 36, 39] at 600-700 GPa and 0 K) is not observed (Fig. 1) . A possible explanation is that the phase transition may need to be substantially overdriven in ramp compression experiments whose timescale may be fast relative to that required for formation of the high-pressure phase [62] . It is notable that in similar ramp compression experiments [49] , the persistence of the bcc phase in tin has been observed up to 1200 GPa, well above the pressure for transition to the hcp phase (∼150 GPa at 0-300 K) from theoretical calculations and static experiments.
While the transition to a high-pressure phase from bcc Mo is predicted to occur at 600-700 GPa at 0 K, the effects of temperature on the transition are not well defined. The bcc phase is predicted on the basis of ab initio lattice dynamics calculations to be dynamically stable above 3500 K at 900 GPa and ∼6000 K at 1050 GPa [37] , which suggests our experimental temperatures should lie above these values.
Temperature cannot be directly measured in our experiments [53, 54] . A lower bound is given by the secondary isentrope (SESAME EOS table 2984) [63] (Fig. 1) . The material response of diamond to ramp loading results in propagation of an initial elastic shock (to ∼80 GPa) followed by ramp compression to higher pressures after the diamond yields. This wave structure is then transmitted into our sample, which also experiences an initial shock followed by ramp loading. The secondary isentrope represents the isentropic compression path starting from the pressure-temperature (P -T ) state set by the initial shock wave (Fig. 1) . This temperature is likely to be a lower bound as a consequence of dissipation and material strength. Heating due to plastic work has been observed in ramp-compressed iron [64] , and, given that Mo is also a strong, incompressible transition metal, its temperature along a ramp-compression path is also expected to be higher than the secondary isentrope. An upper bound to the expected temperatures in our experiments can be estimated from the secondary Hugoniot, which is a calculated double-shock state in which the first shock corresponds to the diamond elastic limit, and the shock brings the sample to the final pressure. Figure 1 shows the range of temperatures between the secondary isentrope and the secondary Hugoniot for molybdenum.
Based on ab initio molecular dynamics, the high-pressure phase transition is predicted to have a positive Clapeyron slope, which shallows with increasing temperature [33] (Fig. 1) . Thus, the continued stability of the bcc phase observed here up to 1050(113) GPa may be a result of the positive Clapeyron slope of the transition or of an upper limit in the stability of the fcc/dhcp phase at high temperatures. Further theoretical studies of the very high P -T phase diagram of Mo are necessary in order to better understand the differences between our experimental results and theoretical predictions.
V. CONCLUSIONS
X-ray diffraction measurements of dynamically rampcompressed molybdenum have been carried out over a wide pressure range from 70(5) to 1050(113) GPa. At all pressures, we observe from one to three diffraction lines that can be assigned to the bcc structure of Mo. The measured densities are intermediate between those achieved under shock compression and those expected from extrapolation of room-temperature static compression data, which is consistent with expectations for ramp-compressed solids. We do not observe evidence for the theoretically predicted transition to fcc or dhcp phases above 600 GPa, and our results support the continued stability of molybdenum in the bcc structure to 1050 GPa under ramp compression. These findings are expected to stimulate further theoretical and experimental work to better understand the behavior of this important material at ultrahigh pressures.
